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Introduction
Bisphenol-A (BPA) is the predominant organic synthetic compound in bisphenol analogues (BPs), which are widely used in manufacturing plastics. In 2015, the global consumption of BPA reached 7.7 million metric tons. Moreover, with a compound annual growth rate of 4.8%, it could reach up to 10.6 million metric tons by 2022 (Research and Markets. 2016) . Due to the tendency for plastics to be released into the environment, humans are facing a serious threat with BPA exposure. For example, a representative study monitoring foods and beverages commonly sold in Turkish markets found that almost all samples in cans or paper boxes contained BPA. The concentrations of BPA range from 21.86 ± 0.80 to 1858.71 ± 8.24 μg/kg in cans and 36.48 ± 0.95 to 554.69 ± 3.18 μg/kg in paper boxes (Sungur et al., 2014) . The total intake of BPA for American adult was appraised to be 30-70 ng/kg·day according to the National Health and Nutrition Examination Survey (NHANES), of which only 12.6 ng/kg·day comes from dietary intake (Lorber et al., 2015) . In China, the mean dietary exposure level was 43 ng/kg·bw·day for adult, while the daily intake among Chinese school children was ranged from 0.09 ng/kg·bw·day to 277.30 ng/kg·bw·day with a geometric mean of 8.22 ng/kg·bw·day (Niu et al., 2015; Wang et al., 2012) .
BPA can be absorbed through oral administration, inhalation, and dermal contact (Huang et al., 2012; Stahlhut et al., 2009) . It can easily cross the blood-placental and blood-brain barriers due to its lipophilicity (Nishikawa et al., 2010; Sun et al., 2002) . Multiple studies have indicated that BPA can interfere with the development of neuronal networks, which control many endocrine systems and brain functions (Negri-Cesi, 2015) . Epidemiological studies have revealed an association between prenatal BPA exposure and adverse impacts in the behaviors and cognitive abilities of young children, including executive function, working memory and social responses (Braun et al., 2017) . Additionally, BPA exposure during gestation could induce childhood/ adolescent neurobehavioral problems such as depression, anxiety, autism spectrum disorders (ASD), and social cognition/communication deficits (Miodovnik et al., 2011; Perera et al., 2016) . Through the metaanalysis of over 30 studies in human, mouse and rat, early exposure to BPA has been concluded to be positively correlated with the incidence of hyperactivity in rodent models and the prevalence of attention-deficit/hyperactivity disorder (ADHD) in boys and girls (Rochester et al., 2018) .
In this study, we examine the impact of BPA on the morphology of human glutamatergic neurons (hGN) dendritic spines, as well as its effect on the expression of synaptic proteins and α-amino-3-hydroxy-5methyl-4-isoxazole-propionic acid receptors (AMPARs). Synaptic proteins are required for precise synaptic transmission and maintaining normal nervous system functions (Masson et al., 1999) . Synaptophysin (SYN) and postsynaptic density protein (PSD-95) are localized to small synaptic vesicles and postsynaptic membrane-associated proteins, and the aberrant elevation of these two proteins is associated with various neuropsychiatry disorders (Joshi et al., 2014) . SYN is also present in neuroendocrine cells and is a marker for neuroendocrine tumors (Wiedenmann et al., 1986) . A case-control study among Chinese Han subjects indicated that the level of SYN was positively associated with ADHD (Liu et al., 2013) . PSD-95 is in the active zone of synapsing axons and comprises approximately 10% of the spine's membrane surface area. PSD-95 is also a major scaffolding protein in the excitatory postsynaptic density and a potent regulator of synaptic strength. Additionally, PSD-95 is in an extended configuration and positioned into regular arrays of vertical filaments that contact both glutamate receptors and orthogonal horizontal elements layered deep inside the rat hippocampal spine synapses (Chen et al., 2009) . Previous studies have proposed that manic-like behaviors, seizures, and hyperkinetic disorders are involved with abnormal increases in PSD-95 (Han et al., 2013) . AMPARs are major ionotropic receptors in the excitatory synapses, and directly interact with PSD-95 on the postsynaptic membrane (Schnell et al., 2002) . The enhancement of PSD-95 recruits AM-PARs to the post-synapse and amplifies the AMPAR excitatory postsynaptic currents (EPSCs), which, taken together, response to stroke and neurodegeneration (Harvey and Shahid, 2012; Schlüter et al., 2006; Schnell et al., 2002) . Studies have indicated that the upregulation and activation of AMPARs would evoke anxiety-like behaviors, while suppression of AMPAR activation led to anxiolytic effects (Andreasen et al., 2015; Bi et al., 2013; Khlghatyan et al., 2018) .
Most of the previous BPA neurotoxicity studies have relied on animal models and/or immortalized human cell lines. A cortical neuronal network derived from human embryonic stem cell (hESC) can mimic the human central nervous system because it contains cortical neurons and supporting cells such as astrocytes and microglial cells. Here, we present the use of hESC-derived glutamatergic neurons as a model to explore synaptic protein aberration and neurotoxicity triggered by BPA.
Materials and methods

Cell culture and treatments
Glutamatergic neurons were derived from hESCs (H9 cell line, National Stem Cell Bank code WA09, Wicell, WI, USA) based on a previous description (Begum et al., 2015) . H9 stem cells were cultured in mTeSR™1 (STEMCELL Technologies, Vancouver, Canada) and passaged every 5 days. For neuronal initiation, neurospheres were generated in knockout serum replacement medium with 10 ng/mL bFGF and 0.5 ng/mL EGF (Gibco, NY, USA) supplemented after treatment with 2 mg/mL collagenase IV (Gibco, NY, USA). After 5 days of initiation, neurospheres were exposed to 1 μM Dorsomorphin and 10 μM SB431542 (Tocris, Bristol, UK) in Neural Maintenance Medium (NMM).
NMM is a 1:1 mixture of DMEM/F12 (Gibco, NY, USA) and Neuro-basal™-A Medium (Gibco, NY, USA) supplemented with N-2 Supplement and B-27™ Supplement (Gibco, NY, USA), as well as 5 μg/mL insulin (Tocris, Bristol, UK), 1 mM GlutaMAX (Gibco, NY, USA), 100 μM nonessential amino acids (Gibco, NY, USA), and 100 μM β-mercaptoethanol (Gibco, NY, USA). Afterwards, neurospheres were mechanically broken into smaller fragments, transferred to plates coated with Matrigel (Corning, MA, USA), cultured in NMM until rosette structures appeared, and then replated for cortical neuron generation. Mature neurons were maintained in NMM medium.
Glutamatergic neurons were treated with a series of BPA concentrations (0.1, 1, and 10 μM) or 0.1% DMSO as solvent control for 72 h or 2 weeks.
Neural morphology observation and neurite outgrowth assay
Mature hGNs were derived in 24-well-plate. For neural morphology observation, cells were treated with different concentrations of BPA (0.1, 1, and 10 μM) or 0.1% DMSO solvent control for 14 days. Neurite outgrowth was detected with Neurite Outgrowth Staining Kit (Invitrogen, NY, USA) as manufacturer's instruction. Briefly, cells were seeded in 24-well-plate and treated with different dilutions of BPA (0, 0.1, 1 or 10 μM) for 2 weeks. Afterwards, cells were incubated with 1× working stain solution with cell body indication and cell membrane stain at 37°C for 20 min. Then 1× background suppression dye was added to each well to suppress the non-specific fluorescence. Finally, neuron morphology and neurite outgrowth were visualized and imaged with EVOS fluorescence microscope (Thermo Scientific, MA, USA). At least 5 pictures were taken for each treatment. Neurite outgrowth were quantified with Image J software (https://imagej.nih.gov/ij/) and normalized with cell body.
Cell viability and apoptosis determination
Mature hGNs were treated with a series of BPA concentrations (0.1, 0.5, 1, 5, and 10 μM) or 0.1% DMSO solvent control for 72 h or 2 weeks. Cell viability was determined with Caspase-3/7 Green Detection Reagent (Invitrogen, NY, USA) according to the modified protocol of manufacturer's instruction. Briefly, cells were incubated with 5 μM caspase-3/7 green detection reagent for 30 min at 37°C, and then nuclei were stained with DAPI (Roche, Mannheim, Germany). An EVOS fluorescence microscope was used for imaging and equivalent adjustments of brightness and contrast were set for all images. The fluorescence intensity of Caspase-3/7 were quantified with Image J software (http://imagej.nih.gov/ij/) and DAPI intensity served as the normalization for each image.
Immunofluorescent staining
Immunofluorescent (IF) staining was performed based on the modified protocol of a previous publication (Begum et al., 2015) . After the cells were cultured on coverslips and exposed to BPA, they were fixed with 4% paraformaldehyde for 7 min and permeabilized with 0.1% Triton X-100 for 5 min at room temperature. Subsequently, cells were blocked with 5% BSA in PBS with 10% normal goat serum (Abcam, CA, USA) for an hour at room temperature and incubated with specific antibodies against VGlut1, SYN or PSD-95 (1:300, Thermo Scientific, MA, USA) at 4°C overnight. After washing in 3% BSA, secondary antibodies were applied and incubated for 3 h at room temperature. Finally, coverslips were fixed on glass slides with DAPI Fluromount-G (SouthernBiotech, AL, USA). At least 5 spots were imaged with the LSM 880 Laser Scanning Confocal Microscope (Zeiss, Jena, Germany). The Image J software (http://imagej.nih.gov/ij/) were used for quantifying the fluorescence intensity and the DAPI intensity were considered as normalization.
Intracellular calcium concentration determination
After hGNs were treated with BPA for 14 days, intracellular calcium concentration ([Ca 2+ ] i ) were measured using calcium fluorescence probe, Fluo-4/acetoxymethyl (Fluo-4/AM; Invitrogen, NY, USA). For [Ca 2+ ] i determination, cells were incubated with 4 μM Fluo-4/AM at 37°C for 20 min, and washed with Ca 2+ -and Mg 2+ -free HBSS to remove the unloaded probes. Then cells were re-incubated with 1% fetal bovine serum at 37°C for 40 min, and washed with HBSS for 3 times. Finally, cells were re-suspended into 1 × 10 5 cells/mL, and fluorescence was read with microplate reader (Tecan Spark™ 10 M, Männedorf, Switzerland) with 494 nm for excitation and 516 nm for emission. Free [Ca 2+ ] i was calculated based on the following equation:
where F represented the fluorescence intensity of the experimental objects, F min was the fluorescence intensity of the indicator in the absence of calcium, and F max stood for the fluorescence intensity of the calcium-saturated indicator. According to the manufacture's instruction, the dissociation constant (K d ) for Fluo-4 is 345 nM.
ROS detection
ROS generation was detected with 2′,7′-dichlorofluorescein diacetate (DCFH-DA, Sigma-Aldrich, MO, USA), a fluorescent probe for peroxide. Cells were cultured in 20 mm glass-bottom cell culture dishes (Nest, Jiangsu, China) and treated with BPA for 2 weeks. After washing with PBS, cells were incubated with 10 μM DCFH-DA for 30 min at 37°C. Green fluorescence of ROS was visualized with the LSM 710 Laser Scanning Confocal Microscope (Zeiss, Jena, Germany) with 488 nm for excitation and 525 nm for emission. Fluorescence intensity of each Image was quantified with ImageJ software (https://imagej.nih.gov/ij/ ). At least 5 pictures were captured in each treatment group.
Total RNA extraction and RT-PCR
Real-time quantitative polymerase chain reaction (RT-PCR) was performed to assess the gene expression alteration in hGNs exposed to BPA for 14 days. Cells were harvested with TRIzol™ Reagent (Invitrogen, NY, USA), and total RNA was extracted according to the manufacture's instruction. PrimeScript™ RT-PCR Kit (Takara, Dalian, China) was applied for reverse transcription, and SYBR Premix EX Taq II Kit (Takara, Dalian, China) was utilized to prepare the reactants. RT-PCR analysis was conducted in triplicated on LightCycler 480 Instrument (Roche Applied Science). The fold change of gene expression was calculated with 2 -ΔΔCt method. Primers used for RT-PCR are listed in Supplementary Material, Table S1 .
Western blot analyses
hGNs harvested from the BPA-treated and control groups, were homogenized in cold RIPA buffer (0.15 M NaCl, 1% NP-40, 0.05% deoxycholic acid, 1% SDS, and 50 mM Tris) containing protease inhibitors (Roche, Mannheim, Germany). Equal amounts of protein (50 μg) were resolved by 10% SDS-PAGE and then transferred onto polyvinylidene difluoride membranes. Membranes were probed with specific antibodies, and protein bands were detected with an Odyssey infrared imager (LI-COR, Biosciences, NE, USA). Antibodies were all diluted by 1:1000, and the manufactures and catalog numbers were listed as follows, SYN (ThermoFisher, #PA1-1043), PSD-95 (ThermoFisher, #MA1-046), GluA 2/3/4 (Cell Signaling Technology, #2460), GRIP 1 (BBI, #D264122), Calpain 1 (ProteintechTM #10538-1-AP), 3-Nitrotyrosine (ThermoFisher, #MA1-12770), iNOS (ThermoFisher, #PA3-030A), nNOS (ThermoFisher, #PA3-032A), Caspase-3 (Cell Signaling Technology, #9665) and β-actin (Cell Signaling Technology, #4970).
Statistical analysis
Data were collected from at least three independent tests, and the results were expressed as mean ± SEM. Statistical analyses were performed with SPSS 19.0 software (IBM, Armonk, NY, USA). Multiple group comparison was conducted with one-way ANOVA, which followed by Tukey post hoc test. Values of p < 0.05 were considered as statistically significant.
Results
Chronic BPA exposure reduced neurite outgrowth, enlarged neuron somas, and decreased cell viability
Human hGNs were derived from hESCs (Fig. 1A) within 27 days using our neural differentiation protocol (Begum et al., 2015) . Neurospheres were derived from hESCs under 10% CO 2 culture conditions (Fig. 1B) , and then were mechanically broken into smaller fragments and transferred to Matrigel-coated plates containing NMM. After 5 days of culture, neuroepithelial cells arranged as radial columnar cells formed rosette structures (Fig. 1C) . With an additional 2-3 weeks culture in NMM, mature neurons appeared (Fig. 1D ). Immunofluorescent staining with anti-vGluT1 antibody indicated that most of the neurons were glutamatergic neurons under our culture conditions (Fig. 1E ). Using this cellular model, we examined the effect of BPA on hGN neuronal morphology, neuron cell viability and neurite outgrowth. After two weeks of exposure to differing concentrations of BPA, hGNs in the control group exhibited healthy cell bodies and had long branched processes ( Fig. 2A, E and M) . By contrast, BPA-exposed hGNs had enlarged neuron somas and reduced neurite outgrowth in a concentrationdependent manner ( Fig. 2B-D , F-H, J-L and NeP). Additionally, high concentrations of BPA (1, 10 μM) induced dendritic spine deterioration (Fig. 2.Q) , and concentrations of 0.5-10 μM reduced cell viability in a time-and dose-response pattern (Fig. 2.R) .
Effect of BPA exposure on dendritic spines morphology and SYN/PSD-95 expression
Since dendritic spines are critical for the refinement of neural circuits and the processing and storage of information within the brain, we further examined how BPA affects the morphology of dendritic spines and the expression of presynaptic protein and postsynaptic protein, SYN and PSD-95. Mature hGNs were chronically exposed to BPA for 2 weeks, and SYN and PSD-95 expressions were examined with immunofluorescence staining with SYN and PSD 95 antibodies (Fig. 3.A) . Yellow staining represented the co-localization of SYN and PSD-95, which indicates synaptic contact. Untreated neurons show extensive neuritic processes with dense (red and green) puncta labeling either SYN or PSD-95 and frequent co-localization of these two proteins (yellow) (Fig. 3.A) . BPA treatment changed the shape and number of SYN and PSD-95 puncta, in a dose-dependent manner. Quantification data confirmed that the intensity of SYN and PSD-95 was significantly increased at the 1 and 10 μM concentration treatments (Fig. 3.A) . Moreover, western blotting indicated that SYN and PSD-95 protein levels were dramatically elevated after the hGNs were exposed to 1 and 10 μM BPA for 2 weeks (Fig. 3.B ).
BPA altered AMPA receptor expression, increased intracellular calcium concentration and neuronal apoptosis
Early studies showed that overexpression of PSD-95 could increase AMPAR levels at synapses (Béïque and Andrade, 2003; El-Husseini et al., 2000) . We further examined the AMPAR subtype GluA 2/3/4, which was the most common subtype in the human central nervous system. As shown in Fig. 4A , BPA led to a significant elevation in the expression of GluA 2/3/4 and glutamate receptor-interacting protein 1 (GRIP 1) (Fig. 4A) , and decreased the expression of GluA2 and RE1 silencing transcription factor (REST) at the transcriptional level ( Fig. 4B ). In addition, our result showed that calcium-activated neutral proteases, Calpain 1, was up-regulated ( Fig. 4A) , which suggested that intracellular calcium concentrations ([Ca 2+ ] i ) might have been altered by BPA exposure. Intracellular calcium concentrations were further measured by using a calcium fluorescence probe, which showed that BPA sharply increased [Ca 2+ ] i in hGNs in a dose-dependent manner after 2 weeks exposure with BPA ( Fig. 4C) . Furthermore, at the 1 and 10 μM exposure levels, western blotting showed a decrease in fulllength caspase-3 (35 kDa) and an increase of cleaved caspase-3 (17 kDa and 15 kDa) in the same dose-response pattern (Fig. 4D) .
BPA induced oxidative/nitrative stress
It has been showed that BPA induces ROS through the enzymatic (H 2 O 2 /peroxidase and NADPH/CYP450) and non-enzymatic (peroxynitrite/CO 2 and − OCl/HOCl) formation of phenoxyl radicals (Gassman, 2017) . To better understand the underlying mechanisms of BPA induced neurotoxicity, we examined the levels of reactive nitrogen species (RNS) and reactive oxygen species (ROS) in hGNs before and after BPA exposure. DCFH-DA fluorescent dye staining showed that the exposure to BPA increased intracellular ROS in a dose-dependent manner (Fig. 5A ). Real-time quantitative polymerase chain reaction (RT-PCR) analysis showed down-regulation of Catalase (CAT), Superoxide Dismutase (SOD), Glutathione Peroxidase 1 (Gpx1) and the upregulation of Heme Oxygenase 1 (Hmox1). These results imply that BPA induces oxidative damage (Gassman, 2017) (Fig. 5B ). Furthermore, RNS levels were examined by assessing 3-Nitrotyrosine, inducible nitric oxide synthase (iNOS), and neuronal nitric oxide synthase (nNOS) expression levels via western blotting. The results indicated that two weeks of BPA exposure stimulated iNOS and nNOS expression and elevated the level of 3-Nitrotyrosine expression compared to the control group. (Fig. 5C ). Based on our observation, we hypothesize that BPAinduced adverse effects are due to an increase production of RNS and ROS, which increased the expression of PSD 95 and Syn. In this model, PSD-95 accumulation enhanced AMPAR accumulation, and down-regulation of GluA 2 in AMPAs enhanced Ca 2+ -permeability, which ultimately triggered dendritic spine deterioration and neuronal cell death (Fig. 6) .
Discussion
BPA exposure has been associated with depression, anxiety, ASD and ADHD (Miodovnik et al., 2011; Perera et al., 2016) . However, the molecular mechanisms of how BPA induces neuropathological disorders is still not well understood. Here, we demonstrated a novel cellular model for studying BPA neurotoxicity. In this study, we used hESC-derived hGNs to examine the effects of chronic BPA exposure on neurotoxicity on dendritic spines and cell viability.
Based on previous population data of individual BPA exposure levels, we chose BPA concentrations between 0.1 and 10 μM to conduct our in vitro experiment. Although the concentrations employed in the current study are higher than the urine and serum concentrations in bio-monitoring reports, it still lower than the levels in heavily polluted areas or certain occupational populations (Heinälä et al., 2017; Lorber et al., 2015; Scinicariello and Buser, 2016) . For example, the urine samples from BPA-related manufacture in America ranged from 0.78 to 18,900 μg/g with a geometric mean of 88.0 μg/g (approximately 353 μM), which was 70 times higher than that in general population in 2013-2014 (Hines et al., 2017) . Female cashiers from Korea had an average urine BPA concentrations of 9080 μg/g (Lee et al., 2018) . Moreover, in vivo studies showed that BPA levels in rat brain tissue increased with the oral dose, and BPA level in pituitary gland was 16-21% higher than that in plasma (Kim et al., 2004) . It is also reported that BPA can be eliminated by blood circulation according to toxicokinetics and toxicodynamics studies, yet the real individual exposure levels are prone to be higher than that in body fluids (Fang et al., 2015) . Finally, although the population-based half-life of BPA was estimated to be 43 h, we exposed hGNs for 2 weeks to simulate continuous, repeated exposures (Carwile et al., 2011; Huang et al., 2012; Stahlhut et al., 2009) .
Our results showed that BPA exposure triggered the degeneration of neurite outgrowth and the deterioration of dendritic spines at higher concentrations of BPA (1, 10 μM) after chronic exposure. Consistent with our research, rats that were administered with BPA orally had significantly inhibited neurite outgrowth, neural branch extension, and cell viability in mesencephalic neurons (Ishido et al., 2007) . Our results also showed the swelling of neuron somas and the increasing apoptosis after chronic exposure to BPA. Furthermore, our results suggested that dendritic spine deterioration might be due to alteration of expression levels of synaptic proteins, SYN and PSD-95. Both SYN and PSD95 were significantly elevated at higher concentrations of BPA (1 and 10 μM). A previous study indicated that the overexpression of 12/15-lipoxygenase in the central nervous system induced the elevation of Synaptophysin and triggered anxiety-related behavior models (Joshi et al., 2014) . Also, elevated levels of PSD-95 were observed in the prefrontal cortex in schizophrenia mice (Banerjee et al., 2015) . It is also reported that increases of PSD-95 led to manic-like behavior, seizures and hyperkinetic disorders (Han et al., 2013) . These data suggest that BPA mediated neurologic disorders might be due to alternation of presynaptic protein and postsynaptic proteins expression, and the deterioration of dendritic spines.
We hypothesize that the BPA-induced neurotoxic effects might be due to nitrative/oxidative stress. An increase in intracellular ROS generation was observed in BPA-treated hGNs. Previous studies showed that the elevation of ROS led to increases of excitatory postsynaptic currents and glutamate release in rat spinal cord substantia gelatinosa neurons, and caused chronic neuropathic pain (Nishio et al., 2013) . Oxidant/antioxidant biomarkers were measured in the present study, and results showed a decrease of CAT and SOD levels and an increase in Hmox 1 levels. These findings were consistent with previous studies (Akintunde et al., 2019; El-Missiry et al., 2014; Kondolot et al., 2016; Mahemuti et al., 2018) . The reduction of Gpx was usually seen in BPAinduced oxidative stress and BPA-related neurologic diseases and cellular degenerations (Kabuto et al., 2003; Kaur et al., 2014) , however, we only observed a significant downregulation of Gpx in hGNs treated with 10 μM BPA. Nrf 2 exerts antioxidant effects and maintains intracellular redox homoeostasis (Zhang, 2006) . In the present study, we found BPA suppressed Nrf 2 expression levels, and thereby blunted the Nrf 2-related antioxidant response in hGNs. On the other hand, anxietylike behaviors were linked to NOS expression in hippocampus and cerebellum, and downregulating nNOS would be an effective way to alleviate dystrophy in aged mice (Tomiga et al., 2016) . As the biomarker of free nitrogen radical species, higher levels of 3-Nitrotyrosine were found in hGNs exposed with BPA (Ahsan, 2013) .
According to our observation, imbalances in intracellular ion homeostasis might contribute significantly to neuronal toxicity mediated by BPA exposure. Studies have reported that the down-regulation of GluA 2 in AMPAs enhanced its Ca 2+ -permeability in injured neurons (Silver et al., 1997) . Similarly, previous studies declared that methylmercury raised expression levels of REST and induced apoptosis in neuroblastoma (SH-SY5Y cells) (Guida et al., 2016) . In our study, the result showed that BPA increased the REST level and suppressed the mRNA level of GluA 2. GluA 2 was modulated by REST at a transcriptional level and was a molecular switch that aggravated Ca 2+ influx through AMPARs in BPA-damaged hGNs (Jia et al., 2006; Myers et al., 1998; Pellegrini-Giampietro et al., 1997) . Our data support the previous studies that BPA significantly increased the glutamate receptor interacting protein (GRIP), and further up-regulated GluA 2/3/4. These observations were in accordance with previous reports that PSD-95 and GRIP recruited AMPARs to the postsynaptic sites and selected GluA 2lacing AMPARs to stimulate intracellular excessive Ca 2+ influx (Bats et al., 2007; Liu and Cull-Candy, 2005) . Activation of AMPARs might stimulate excessive Ca 2+ influx (Bats et al., 2007; Liu and Cull-Candy, 2005) and thus contribute to neuronal apoptosis (Barzilai and Yamamoto, 2004) . Taken these findings together, BPA causes severe neurotoxicity and triggered dendritic spine deterioration and neuronal apoptosis in hGNS. Further studies will be needed to identify the molecular signaling pathways by which increases in PSD 95 and Syn expression mediate oxidative stress.
Conclusion
In this present study, hESC-derived hGNs were exposed to varying concentrations of BPA for two weeks. Our results showed that BPA upregulated PSD-95, Syn and AMPARs expression and induced dendritic spines deterioration and neuronal apoptosis. We hypothesize that BPA-induced adverse effects are due to an increase production of RNS and ROS, and excessive Ca 2+ influx.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.envint.2019.01.059. Fig. 6 . Schematic diagram of proposed signaling pathway involved with BPAinduced dendritic spines deterioration and neuronal apoptosis. After BPA treatment, the expression and co-localization of PSD-95 and Syn were upregulated in hESC-derived hGNs. Meanwhile, the Ca 2+ -permeability and expression of AMPARs were significantly increased by BPA, and thus the excessive Ca 2+ influx elicited neural apoptosis. Taken together, BPA-induced adverse effects are due to an increase production of RNS/ROS and excessive Ca 2+ influx.
